We have used the whole-cell patch-clamp technique to examine the ionic basis for a transient outward current in rabbit ventricular myocytes. High concentrations of intracellular calcium buffer prevented the current, isoproterenol increased it, and cadmium, nisoldipine, ryanodine, or caffeine blocked it. These data are consistent with a current that is calcium activated, by the calcium transient that causes contraction. The current was not blocked by external 4-aminopyridine or tetraethylammonium, and it was still present if external potassium was omitted and internal potassium was replaced by cesium. The current was absent when intracellular and extracellular chloride concentrations were drastically reduced, even when intracellular and extracellular potassium concentrations were normal. The current was blocked by the anion transport blockers 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid (SITS) and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and responded to extracellular chloride changes as expected for a chloride current. We used SITS and DIDS to define the voltage dependence of the transient outward current. The current first appeared at voltages positive to the threshold of the calcium current and declined as voltage approached the calcium reversal potential. Tail-current experiments suggested that the current rectified strongly in the outward direction. We propose that the 4-aminopyridine-resistant transient outward current of rabbit ventricular myocytes is a calciumactivated chloride current. (Circulation Research 1991;68:424-437) T wo transient outward currents have been identified in cardiac Purkinje fibers. One current activates rapidly and decays slowly during maintained depolarizations. This current is blocked by 4-aminopyridine (4-AP); the primary charge carrier appears to be potassium.12 The 4-AP-sensitive transient current is voltage activated; it is independent of intracellular calcium.3 Purkinje fibers also have a second transient outward current, briefer and usually smaller than the first, which is not sensitive to 4-AP. This second transient outward current appears to be calcium activated.4,5
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We have used the whole-cell patch-clamp technique to examine the ionic basis for a transient outward current in rabbit ventricular myocytes. High concentrations of intracellular calcium buffer prevented the current, isoproterenol increased it, and cadmium, nisoldipine, ryanodine, or caffeine blocked it. These data are consistent with a current that is calcium activated, by the calcium transient that causes contraction. The current was not blocked by external 4-aminopyridine or tetraethylammonium, and it was still present if external potassium was omitted and internal potassium was replaced by cesium. The current was absent when intracellular and extracellular chloride concentrations were drastically reduced, even when intracellular and extracellular potassium concentrations were normal. The current was blocked by the anion transport blockers 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid (SITS) and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and responded to extracellular chloride changes as expected for a chloride current. We used SITS and DIDS to define the voltage dependence of the transient outward current. The current first appeared at voltages positive to the threshold of the calcium current and declined as voltage approached the calcium reversal potential. Tail-current experiments suggested that the current rectified strongly in the outward direction. We propose that the 4-aminopyridine-resistant transient outward current of rabbit ventricular myocytes is a calciumactivated chloride current. (Circulation Research 1991;68:424-437) T wo transient outward currents have been identified in cardiac Purkinje fibers. One current activates rapidly and decays slowly during maintained depolarizations. This current is blocked by 4-aminopyridine (4-AP); the primary charge carrier appears to be potassium.12 The 4-AP-sensitive transient current is voltage activated; it is independent of intracellular calcium.3 Purkinje fibers also have a second transient outward current, briefer and usually smaller than the first, which is not sensitive to 4-AP. This second transient outward current appears to be calcium activated. 4, 5 Several recent papers have reported an apparently similar calcium-activated transient outward current in atrial or ventricular muscle, either alone or together with a 4-AP-sensitive transient outward current. A calcium-activated transient outward current is present in elephant seal atrial muscle.6 Human atrial cells have both a 4-AP-sensitive and a 4-AP-resistant calcium-related transient outward current.7 Separable 4-AP-sensitive and calcium-activated transient out-ward currents also are present in rabbit atrial8 and ventricular cells.89 About 50% of dog ventricular myocytes have two transient outward currents. Tseng and Hoffiman10 referred to these currents as Ito, and Lto2; Itol is blocked by 4-AP, whereas 1to2 is resistant to 4 -AP and appears to be calcium activated.
The calcium-activated transient current of Purkinje fibers is reduced in low chloride. 23 For a variety of reasons, however, the chloride sensitivity has not been accepted as evidence that chloride carries the Purkinje fiber current. [2] [3] [4] In the absence of convincing evidence that any other ion is responsible, the 4-AP-resistant, calcium-activated transient outward current of Purkinje fibers has been assumed to be carried by potassium ions. 3 Similarly, several studies of the analogous transient current in cardiac myocytes have assumed a priori that the current is calcium-activated potassium current. [8] [9] [10] The experiments reported here demonstrate that rabbit ventricular myocytes have a calcium-activated transient outward current that closely resembles the current that Tseng and Hoffman10 described in dog ventricular myocytes (Ito2). The charge carrier of the current is chloride, however, not potassium.
Materials and Methods Cell Preparation
Male New Zealand White rabbits (1.5-2.3 kg) were given 400 IU/kg heparin (sodium salt) and deeply anesthetized with 50 mg/kg i.v. pentobarbital sodium. Hearts were then removed, and myocytes were enzymatically dissociated from the ventricles. " We used cells that were quiescent in Tyrode's solution containing 1 mM CaCl2.
Solutions
Tyrode's solution for cell isolation contained (mM) NaCl 135, KCl 5.4, MgCl2 1.0, CaCl2 0.05 or 1.0, glucose 10, NaH2PO4 0.33, and HEPES 5, pH adjusted to 7.4 with NaOH. Nominally calcium-free solution used during the dissociation contained no added CaCl2 and 20 ,M EGTA.
External and internal solutions were formulated to minimize current through sodium channels and to prevent Na-Ca exchange. Standard external solution contained (mM) N-methylglucamine (NMG) chloride 150, CaCl2 3.6, KCl 3.0, MgCl2 1.0, HEPES holding potential of -80 mV. Junction potentials were zeroed in Tyrode's solution containing 1 mM CaCl2 before formation of the membrane-pipette seal. The junction potential between the Tyrode's solution and pipette solution was approximately -6 mV (pipette negative). Thus, transmembrane potential was about 6 mV more negative than the values recorded. We did not correct voltages for this modest error.
In some experiments, extracellular chloride was changed after the electrode was sealed onto the cell. During substantial changes of the extracellular chloride, the potential at the interface between the bath solution and the Ag/AgCl bath ground electrode would change if the electrode were directly in contact with the bath solution. Such a change would make the original zeroing of the electrode invalid, and recorded voltage would not accurately reflect membrane voltage (see Reference 13 for additional discussion of this potential source of error in voltageclamp experiments). When the experimental plan required us to change extracellular chloride, we placed the Ag/AgCl bath ground in a separate pool of 3 M KCl, which was connected to the recording chamber by a 3-M KCl-agar bridge.
Currents were filtered with a four-pole Bessel filter at 10 kHz, digitized at 20 kHz, and stored on an IBM-AT computer (pCLAMP software, Axon Instruments). The currents in this article were digitally filtered with a low pass RC filter (T=0.25 or 0.5 msec). Filtering did not attenuate currents.
As a simple assay for the presence or absence of a cytoplasmic free calcium transient, we determined visually whether contraction occurred at critical stages of the experiments. Voltage-clamp pulses shown below were preceded by 15 seconds of inactivity at the holding potential, with these exceptions: in the experiments shown in Figure 1 
Results
Cells dialyzed with internal solutions containing 10 mM EGTA did not contract, indicating that high internal EGTA suppressed the cytoplasmic free calcium transient that causes contraction. When the cells were depolarized positive to -20 mV, they exhibited a rapidly activating, slowly decaying outward current that was blocked, apparently completely, by 2 mM 4-AP. Figure 1A shows the control membrane current during a pulse to +60 mV. After addition of 2 mM 4-AP to the bathing solution, a small inward calcium current (ICa) was the only remaining time-dependent current. The 4-AP-sensitive current appeared to be equivalent to the current denoted 'to1 by Tseng and Hoffman'0; we will also use the term Itol to refer to the current that is blocked by 4 larizations was once again a slowly declining outward current ( Figure 1B ; note that the time base is slower than in Figure 1A ). However, after block of It.1 by 2 mM 4-AP, a small outwardly directed transient current remained ( Figure 1B ). This current was easiest to see at +40 to + 60 mV; at these potentials the current in the presence of 4-AP usually consisted of a brief inwardly directed transient followed quickly by an outwardly directed transient. The relative sizes of inward and outward transients varied with voltage, as will be demonstrated later.
Our tentative interpretation was that the biphasic current at positive potentials in the presence of 4-AP resulted from overlap of ICa and a 4 -AP-resistant transient outward current. According to this view, the initial inwardly directed transient represented the beginning of ICa. The transient outward current activated quickly and became significant before 'Ca peaked. Subsequent experiments supported this interpretation; we mention it now so that it will not be assumed that the initial inwardly directed current is an accurate indication of the magnitude of peak Ica.
Stability of Calcium Current
To allow investigation of the 4-AP-resistant current, cells had to be dialyzed with low (.0.8 mM) internal EGTA. When cardiac and other cells are dialyzed or perfused, L-type calcium current typically disappears gradually, a phenomenon that has become known as "rundown." The disappearance of lCa is accelerated by more effective dialysis or perfusion,17,18 suggesting that washout of cytoplasmic factors is involved. Rundown is also affected by intracellular calcium. Lowering intracellular EGTA, raising diastolic free calcium, or pulses that elicit large ICa all accelerate rundown. 17, 19 Only L-type ICa is present in rabbit ventricular cells; T-type current is absent or negligibly small. 20 Thus, all calcium current is subject to rundown. Presumably because of the low internal EGTA, rundown of lCa was a complication in these studies, particularly when large calcium currents were generated repeatedly. Because we believed 15-30-second intervals between test pulses were desirable to allow recovery of ionic currents and intracellular calcium metabolism, experiments sometimes had to be a compromise between what would be ideal and what could be accomplished quickly. For example, we did not always determine current-voltage (I-V) relations, and when we did do so, we usually used 20-mV steps to save time. Partial I-V data were sometimes obtained avoiding voltages -10 to + 10 mV, where calcium currents were largest.
Is the 4-AP-Resistant Transient Current Activated by Calcium?
To determine if the 4-AP-resistant current is related to the intracellular free calcium transient that causes contraction, we tested several treatments that alter this transient in predictable ways.10 Isoproterenol increases the calcium transients that cause contraction. 21, 22 In Figure 2A , tracing C is the control recording obtained during an 86-msec pulse to +40 mV in the presence of 2 mM 4-AP. After addition of 1 ,uM isoproterenol to the bath solution, the peak outward current was greatly augmented.
The size of the 4-AP-resistant outward transient, relative to that of the inward transient, varied from cell to cell. In the absence of isoproterenol, some cells, like the one used for Figure 2A , had comparatively large outward transients. Others had much less outward current; in a few cells, a 4-AP-resistant outward transient was difficult to detect. However, whether the transient outward current was large or small before isoproterenol, the current after isoproterenol was easily visible at +40 or +50 mV. In subsequent experiments, bathing solutions contained 2 mM 4-AP to block Ito, and 1 ,uM isoproterenol to potentiate the transient outward current.
If the 4-AP-resistant transient current is activated by the free calcium transient that causes the twitch, it should be reduced by agents that block ICa. Block of Ica by cadmium eliminated the 4-AP-resistant transient current. The cell in Figure 2B was depolarized to +50 mV every 15 seconds, and 300 ,uM CdCl2 was washed into the bath. A current just before cadmium addition (tracing C), a current 75 seconds after addition of cadmium (unmarked tracing), and a current 150 seconds after cadmium (tracing Cd) are shown in Figure 2B . As cadmium washed in, both the inwardly and the outwardly directed current were suppressed, leaving a time-independent outward current. The dihydropyridine derivative nisoldipine (500 nM) also blocked all time-dependent current ( Figure  2C ). Contraction was not detectable after cadmium block or nisoldipine block was complete.
High doses of caffeine interfere with calcium uptake by the sarcoplasmic reticulum, thus reducing the calcium transient that triggers contraction.36 7 9 '0 Figure 3A shows control (C) currents obtained between -20 and +80 mV. The CAF tracings were obtained 2 minutes, 50 seconds after the addition of 10 mM caffeine to the bathing solution. There was no trace of the 4-AP-resistant transient outward current in the caffeine-containing solution. Caffeine had variable effects on contractions; in some cells, contrac-tions could not be detected in caffeine, whereas other cells clearly continued to contract after treatment. This variability is not surprising, because caffeine increases myofilament calcium sensitivity at the same time that it depresses intracellular calcium transients. 23 Such multiple actions do illustrate, however, that caffeine is not a simple drug. The appearance of the recordings in Figure 3A was consistent with a simple block of a calcium-activated outward current, and indeed similar data have been taken as evidence that currents are calcium activated.7'9"10 However, 10 mM caffeine, added in the presence of 1 ,uM isoproterenol, slightly increases peak Ic, and slows the time course of 'Ca decay (A.C. Zygmunt and W.R. Gibbons, unpublished experiments). These changes would tend to counteract some of the transient outward current. Although the primary action of caffeine in Figure 3A is likely to be due to block of the 4-AP-resistant outward current, some of the effect may be due to concomitant modifications of 1Ca.
We also tested ryanodine, which interferes with calcium release from the sarcoplasmic reticulum. Ryanodine acted slowly, so we could not record control and ryanodine-treated currents in the same cell without excessive 'Ca rundown. Consequently, we soaked cells for 30-60 minutes in 2 ,uM ryanodine before forming the gigaseal and starting internal dialysis. Figure 3B illustrates currents in a cell pretreated with 2 ,uM ryanodine. The currents after ryanodine very closely resembled the currents recorded in caffeine. In particular, there was no sign of a transient outward current at any voltage. Contraction could not be detected in ryanodine-treated cells.
The suppression of the 4-AP-resistant transient current by high internal EGTA, the augmentation of the current by isoproterenol, the requirement for ICa, the disappearance of the current after large doses of caffeine, the absence of the current in cells pretreated with ryanodine, and the observation that treatments that blocked contraction simultaneously blocked transient outward current strongly suggest that the 4-AP-resistant transient outward current is calcium activated, by the internal calcium transient that causes the twitch. Additional evidence will be provided below, when we examine the I-V behavior of the outward transient.
Is the 4-AP-Resistant Transient a Potassium Current?
We next examined whether the transient outward current is carried by potassium. Large conductance calcium-activated potassium channels are blocked by low external concentrations of tetraethylammonium (TEA).24 Figure 4A illustrates that the 4-AP-resistant transient current was not blocked by addition of 1.0 mM TEA to the bathing solution (five experiments). In eight experiments, we used 150 mM TEA as the principal cation in the external solution (see Standard extemal solution containing 2 mM 4-aminopyridine and 1iM isoproterenol, with a 577-msec pulse to +60 mV Current is shown before (C) and 5 minutes after (TEA) addition of 1 mM tetraethylammonium chloride. Cell capacitance was 88 pF. Panel B: Extemal potassium was omitted, and intemal potassium was replaced by cesium (192-msec pulse to +50 mV). Cell capacitance was 120 pE. We next tested the hypothesis that the calciumactivated transient current is carried by chloride. Figure 5A shows a substantial transient outward current elicited by pulses to +50 mV with zero potassium outside and cesium replacing potassium inside the cell, but with the usual 67 mM chloride inside and 159.2 mM chloride outside (chloride reversal potential [Ec1] = -22 mV). Figure 5B shows the current during continued depolarizations to +50 mV, 5 minutes after the bathing solution was changed to one in which methanesulfonate replaced all but 9.2 mM chloride, giving Eci of +52 mV. In three of three experiments, no transient outward current was detectable after outside chloride was altered to make EC1 near the pulse potential. After returning the cell to the original bathing solution, the transient current was again clearly evident ( Figure 5C ). Contraction was visible before, during, and after the change to low chloride.
In five other cells, the low chloride experiment was done as in Figure 5 , but with 3 mM potassium outside and 130 mM inside (potassium reversal potential [EK] = -100 mV). Despite a very large driving force on potassium, the transient current at +S0 mV disappeared when outside chloride was changed so that Eci was near +50 mV as in Figure 5B . This argues against a mixed contribution of chloride and potassium.
In Figure 5 , the holding current was slightly inward in panel A, with 159.2 mM extracellular chloride. The holding current shifted to become slightly outward in f-r A Cl%^A Zygmunt and Gibbons Calcium-Activated Chloride Current in Heart
Recordings showing that the outward current is not present when chloride reversal potential (Ecl) is made equal to the pulse potential. Holding potential was -80 mV, with a 192-msec pulse to +50 mV External potassium was omitted, and intemal potassium was replaced by cesium.
Intemal EGTA concentration was 300 MM. Cell panel B after the change to low chloride bathing solution, and it returned to its original inward level after the return to the original extracellular chloride in panel C. The change to low chloride bathing solution was accompanied by an outwardly directed shift of holding current at -80 mV in most cells tested, whether or not internal and external solutions contained potassium. In a few cells, however, the shift was not sufficient to make the holding current positive in the low chloride bathing solution.
Our first thought was that the shift might be a result of a change in a steady chloride current of the type described by Harvey and Hume25,26 and Bahinski et al. 27 That cannot be, however, because the shift, on changing to low extracellular solution, was in the wrong direction. Also, a steady chloride current could not produce the net positive holding current that most cells displayed in low chloride (e.g., see Figure SB ), because the holding potential was 130 mV negative to Ecl.
Another possibility was that the precautions described in "Materials and Methods" somehow had failed to prevent a large change in the potential between the bath electrode and the bath, on changing to the low chloride bath solution. However, the threshold for the appearance of Ica was approximately -20 mV both in normal and in very low extracellular chloride. This threshold should serve as a reliable index of the true membrane potential. Because our I-V data were usually determined at 20 mV intervals, 1Ca threshold might have changed as much as + 10 mV in low chloride without our detecting it, but not more than that. Similarly, 1Ca approached zero at +60 to +80 mV in normal and in low external chloride (e.g., see Figure 6 ). Although we cannot explain the small shift of the holding current in low external chloride illustrated in Figure  5 , we do not believe it can be attributed to large potential measurement errors. Thus, we believe that the experiment in Figure 5 is reliable; we attribute the disappearance of transient outward current in Figure SB to coincidence of the membrane potential and Ecl.
In 10 experiments, we drastically reduced inside and outside chloride as a further test of the chloride hypothesis. Gluconate or aspartate was used as a chloride substitute internally, while methanesulfonate was used externally. Figure 6 shows currents from an experiment in which internal chloride was 2 Figure 7A , the recordings on the left show control currents obtained during consecutive 90-msec steps to +20, +30, and +40 mV. At +40 mV, a distinct biphasic combination of inward 'Ca and outward transient was obtained. At +20 mV, the outward current appeared simply as an inflection in the decay of inward current. The recordings on the right of Figure 7A are currents at the same three voltages, 5 minutes after addition of 100 ,uM DIDS to the bath.
The recordings resembled pure 'Ca with no indication of overlapping outward transients at any voltage. Washout of DIDS caused partial return of the outward current (not shown).
In Figure 7B , the recordings on the left are currents obtained during consecutive 90-msec steps to +30, +40, and +50 mV. The recordings on the right were obtained at the same voltages, 6 minutes after exposure to 2 mM SITS. No transient outward current was seen; the only time-dependent current appeared to be 1Ca. Effects of this drug also were at least partially reversible (not shown). Although DIDS or Intemal EGTA concentration was 300 pMA; chloride reversal potential was -52 mV The cell was rested at the indicated holding potential (Vh) for 15 seconds before a 143-msec pulse to +50 mV Cell capacitance was 117 pF.
SITS eliminated the transient current, neither drug eliminated contraction. The above data demonstrate that the 4-AP-resistant transient outward current was not blocked by TEA and that it was still present when there was no potassium inside or outside the cell. The current did disappear when Ec, was made equal to the pulse potential. It could not be detected at any voltage when chloride was omitted or very drastically reduced in the bathing solution. And the current was blocked by common anion transport blockers. These are good reasons for believing that the 4-AP-resistant transient outward current is caused by influx of chloride with little or no contribution by calciumactivated potassium current. At this point, it is reasonable to begin to refer to the 4-AP-resistant transient outward current as ICI(Ca).
Voltage-Dependent Behavior of ICI(Ca)
Assuming that ICI(Ca) is calcium activated, its inactivation might parallel the inactivation of ICa, or there might be additional voltage dependence. In the experiment illustrated in Figure 8 , different holding potentials were established for 15 seconds, after which the cell was pulsed to +50 mV for 143 msec. External potassium was omitted, and internal potassium was replaced by cesium, so holding currents were nearly superimposable. The currents elicited at +50 mV were overlaid for easy comparison. As the holding potential was changed from -80 to -50 mV, in 10-mV steps, neither the initial inward transient nor the peak outward current changed significantly. When the holding potential was -40 mV, the peak of the initial inward transient declined very slightly, as did the peak outward current. After a holding voltage of -30 mV, the peak inward current declined further, and the peak outward current became smaller, peaked later, and lasted longer. When the holding voltage was -20 mV, the inward transient and the outward transient were both markedly reduced, and the time to peak and total duration of the outward transient were lengthened further. After a -10-mV holding potential, the current was essentially flat. As before, we assume that the currents in Figure 8 were caused by superimposition of inward 'Ca and outward ICI(Ca). Any attempt to measure separately Icl(ca) would at this point be questionable, but the results appear consistent with simultaneous suppression of ICa and Icl(ca). In separate investigations of 'Ca in rabbit ventricular cells, we (R. Gonzalez-Rudo, A.C. Zygmunt, and W.R. Gibbons, unpublished observations) have determined that 'Ca inactivates over the voltage range -40 to 0 mV, nearly identical to the voltage range over which ICl(ca) disappeared in Figure   8 . The data of Figure 8 are consistent with calcium activation of ICI(Ca). However, we cannot rule out a separate voltage dependence to this current.
Up to this point, we have used 20 ,uM tetrodotoxin to reduce ion fluxes through sodium channels. This was expensive but essential, because cesium and/or potassium efflux through sodium channels produced a transient outward current at positive potentials when tetrodotoxin was low or absent. The inactivation data demonstrated that depolarized holding potentials (e.g., -50 or -40 mV) could be used to inactivate sodium channels with little effect on ICI(Ca). FIGURE 9. Recordings showing the voltage dependence of the DIDS-sensitive current. Extemal potassium was omitted, and intemal potassium was replaced by cesium. Intemal EGTA concentration was 300 MM, and the holding potential was -50 mV, with 300-msec steps to the indicated potentials. Panel A: Current before (C) and 8.5 minutes after (DIDS) addition of 100 ,iMDIDS. Cell capacitance was 56pF. Panel B: Current after DIDS was subtracted from the control current and presented as the DIDSsensitive current.
.~~~L ---L._ .~I n some of the experiments below, this alternative was used, alone or in combination with tetrodotoxin.
The apparent superimposition of ICa and ICI(Ca) makes it difficult to analyze 'CI(Ca). As a first effort to dissect the two currents, we used agents that block ICI(Ca). It was tempting to use caffeine, because it acts rapidly and would allow comparatively little time for Ilc rundown or deterioration of the voltage clamp.
However, the possibility that this drug would increase 'Ca was unacceptable, for such an action would produce a specious outward difference current. Therefore, we used SITS and DIDS to define ICI(Ca)5 because these agents had no detectable effect on ICa amplitude or kinetics. Their comparatively slow action and the time needed to gather full I-V data allowed 'Ca to decline and increased the likelihood that series resistance would change before the experiment was completed. As long as series resistance did not become unacceptably high, it was not viewed as a serious problem. Decline of ICa (which would produce an inward difference) was troublesome but at least could not be mistaken for block of a calciumrelated outward current. Figure 9A shows a full I-V relation before and after DIDS. The control currents (C in Figure 9A more time was required to gather the more extensive data. Figure 9B illustrates the DIDS difference currents (note that the current gain is slightly higher than in Figure 9A ). At -20 mV, DIDS did not block a time-dependent current. The brief transients were caused by imperfect matching of the capacity transients before and after DIDS. (With voltage-clamp instruments that incorporate whole-cell capacity neutralization, capacity transients of individual currents can be canceled during recording so that any mismatches do not appear in difference currents, but the improvement is mainly cosmetic.)
A change of ionic current was first apparent at 0 mV, where it appeared that the difference current had both inward and outward components. We attribute the outward difference to ICl(ca) and the small inward change visible during the first 100 msec of the difference current to rundown of ICa, which should be most apparent at 0 mV, near the peak of the 'Ca I-V relation. At +20, +40, and +60 mV, a transient outward current clearly appeared in the difference recordings; over this voltage range, the current increased with voltage. At +80 mV, the transient current became smaller and peaked later. At + 100 mV, little or no transient current was evident, but a small steady current was blocked by DIDS.
Although the 0 mV difference current was the only one to show clear indication of an inward difference, there likely was a smaller contribution of 'Ca rundown to the other differences as well. Thus, the outward differences at more positive potentials may slightly underestimate the true outward current. Figure 10 illustrates the effects of SITS over a wide range of potentials. Conditions were similar to those used for Figure 9 , and the data were arranged similarly. The current blocked by 2 mM SITS was determined by subtracting the currents after SITS exposure from the corresponding control currents. The difference currents are shown in Figure lOB . As in the case of the DIDS data in Figure 9 , the difference at 0 mV appeared to have small positive and negative components; the negative component was presumably caused by slight rundown of ICa. At potentials positive to 0 mV, a clear outward transient was apparent. This transient grew with depolarization to a peak at +60 mV, and the time to peak outward current increased. At + 80 mV, the peak current was much reduced, and the time to peak and overall duration of the transient was longer. At + 100 mV, no transient outward difference could be detected, but a small steady component of difference current was present as was seen earlier with DIDS.
As reported earlier, our working hypothesis was that 1Ca and ICI(Ca) were the principal time-dependent currents contributing to the control recordings in as we believe they do, 'Ca should be the principal time-dependent current after treatment with one of these chloride transport blockers, and the timedependent portion of the difference current should represent ICI(Ca). Figure 11 compares the time-dependent currents attributed to 'Ca and ICI(Ca). In panel A, Zygmunt and Gibbons Calcium-Activated Chloride Current in Heart Figure 9 . The inset demonstrates the method used to determine time-dependent 4-aminopyridine-resistant transient outward currents (filled diamonds) and calcium currents (filled circles). Panel B: Analysis of the SITS experiment in Figure 10 .
we have analyzed the currents from the DIDS experiment illustrated in Figure 9 . The currents after DIDS in Figure 9A were measured by taking the difference between the peak inward current and the current at the end of the pulses, as illustrated in the inset of Figure 11 . These data are plotted as filled circles in Figure 1lA . The result was an I-V relation virtually identical to that of 1Ca of rabbit ventricular myocytes,20 consistent with the assumption that the primary time-dependent current remaining in DIDS was 1ca. The time-dependent excursions of the difference currents of Figure 9B were measured as the difference between the peak outward current and the current at the end of the pulse, as illustrated in the inset of Figure 11 , and were plotted as the filled diamonds in Figure 1lA . These data were consistent with the hypothesis that the current blocked by DIDS is calcium activated: the I-V relation was bell-shaped, with an outward difference that first appeared positive to the 1Ca threshold and declined as voltage approached the calcium reversal potential (ECa).
The SITS data of Figure 10 also were measured as illustrated in the inset of Figure 11 . The timedependent inward current is plotted as filled circles in Figure liB ; the time-dependent outward current is plotted as filled diamonds. Again, the inward transient measurements are consistent with the assumption that the principal time-dependent current in the presence of SITS is 1Ca. The voltage dependence of the transient outward current blocked by SITS is a bell-shaped curve very similar to that of the transient current blocked by DIDS. Analysis of tail currents is a traditional way of estimating the fully activated I-V relation of a current and of confirming the nature of the charge carrier.
We triggered a calcium transient and Icl(ca) by a 20-msec pulse to +20 mV and then repolarized to Recording and graph showing the voltage dependence ofthe SITS-sensitive tail current. Extemalpotassium was omitted, and intemal potassium was replaced by cesium; extemal chloride concentration was 159.2 mM, intemal chloride concentration was 67 mM, and chloride reversalpotential was -22 mV. Intemal EGTA concentration was 300 M. The holdingpotential was -50 mVbefore a 20-msec preconditioning step to 20 mV SITS-sensitive tail currents were measured 5 msec after repolarization to various potentials. Panel A: Tail current recorded at +80 mV before (C) and after (SITS) addition of 2 mM SITS. It is the difference between these tail currents (I) that is plotted against voltage (V) in panel B. Cell capacitance was 72pF. Panel B: The mean SITS-sensitive tail current from seven cells (mean ±SEM). Currents were normalized by dividing by total cell capacity before statistics were performed. various potentials to record tail currents. This protocol was repeated after addition of 2 mM SITS to the bath solution. The tail current should consist primarily of a tail of Ica and one of ICl(ca). To examine the voltage dependence of the Icl(ca) tail, we used SITS to separate Icl(ca) from 1Ca. Sample tail currents (at +80 mV) from one cell before and after SITS are illustrated in Figure 12A to demonstrate the measurements. We measured the control current and the current in SITS 5 msec after the steps to the tail current potential to allow ample time for the capacity transients to subside. The measurements for the sample recordings are indicated by arrows in Figure 12A . The control measurement minus the corresponding measurement in SITS was taken as the amplitude of the ICl(ca) tail.
The SITS-sensitive tail current data (n=7; mean±SEM) are presented in Figure 12B . Mean current was slightly outward positive to -20 mV (Ec=-22 mV in these experiments). The I-V relation was essentially flat between -20 and +20 mV, Positive to -20 mV, the 'Ca tail declined more slowly and contributed significantly to the current measurements, with the contribution declining as the voltage of the tail approached ECa. Between the time of the control and the time SITS measurements were made, rundown of 'Ca and of 'Ca tails made a negative contribution to the difference current that was largest between -20 and +20 mV. Although ICa rundown contamination of the differences was a problem, it should not have prevented us from detecting reversal of the SITS-sensitive tail currents. As mentioned above, 'Ca tails declined extremely rapidly (before our 5-msec measurement points) at voltages negative to -20 mV. If there had been a significant negative SITS-sensitive tail current, we should have been able to measure it.
We would have liked to confirm that chloride carries the current, by demonstrating that the reversal potential changed as predicted when chloride concentrations were altered. However, because we could not measure a clear reversal potential, we obviously could not measure the change of a reversal potential. Relation of Icl(ca) to Isoproterenol-Activated ICl Up to this point, we have emphasized time-dependent Icl(ca). Two groups have reported time-and calcium-independent autonomic-regulated chloride current in the heart.25-28We shall keep the terminology used by Harvey and Hume25 and refer to time-independent autonomic-regulated chloride current as ICi1
Activation of lCI was a variable feature of our data, perhaps because our experiments were performed in sodium-free solutions (see "Discussion"). Isoproterenol increased time-independent current in some cells, but not in others. Using cells that did display both currents, we attempted direct comparisons of the two currents based on their different dependence on holding potential. The isoproterenol-activated current is insensitive to holding potential.2627 ICI(Ca), on the other hand, should be inactivated by positive holding potentials that inactivate 1Ca. Figure 13 demonstrates the action of isoproterenol in a cell that had a significant isoproterenol-activated steady current. The protocol is illustrated in panel A; the cell was clamped to +60 mV after 15 seconds at either 0 or -80 mV. The recordings in panel B illustrate currents in the presence of 2 mM 4-AP, but without isoproterenol added. When the holding potential was 0 mV, the current tracing was essentially flat (panel B, tracing with asterisk). When the holding potential was -80 mV, the current at +60 mV had the usual biphasic appearance. Previous re-ports25,27 agree that lCI is absent before adrenergic activation. Panel B shows, once again, that most cells have ,Cl(Ca) even before addition of catecholamines. Isoproterenol was then added, and the tracings in Figure 13C were recorded. The outward current elicited from a holding potential of 0 mV (current with asterisk) was increased slightly, suggesting activation of an isoproterenol-activated steady current. The holding current also changed as expected if isoproterenol-activated time-independent current had increased; the holding current at 0 mV (asterisk in panels B and C) became more outward after isoproterenol, while the current at -80 mV became more inward after isoproterenol (Ec, was -52 mV in this experiment). These changes of steady current were clear, but small. The peak outward current elicited from -80 mV, on the other hand, increased very dramatically when isoproterenol was added.
The same voltage protocol was used in a second type of experiment ( Figure 14) . This time, isoproterenol was present for the control recordings in panel B. Again, a flat tracing (asterisk) was obtained when the holding voltage was 0 mV, and the typical biphasic current was obtained when the holding voltage was -80 mV. Cadmium chloride was then added to the bathing solution, to a final concentration of 300 ,M, and the voltage clamps were repeated. After cadmium, the currents at +60 mV were nearly identical whether holding potential was -80 or 0 mV. Although Ic, is not prevented by calcium channel blockers, 25, 26 ICl(Ca) obviously is (see also Figure 2 ). Difference currents determined with SITS and DIDS defined an outward current that arose positive to the threshold for ICa and then declined as voltage approached Eca, giving a bell-shaped I-V relation that appeared linked to the I-V relation of 1Ca. The voltage dependence of peak calcium transients of mammalian ventricular myocytes, determined using fura 2, also is bell-shaped and related to the I-V relation of 1Ca.3132 At +60 and +80 mV, as voltage approached Eca, the time course of the outward current transients slowed at the same time the amplitudes decreased (Figures 9 and 10 ). Over this same voltage range, the time course of ventricular myocyte calcium transients determined with fura 2 also slows. 31 The voltage dependence of the difference currents provides valuable supporting evidence that ICI(Ca) is activated by the calcium transient that causes the twitch. When examining the time courses of the difference currents, however, it is important to remember that Na-Ca exchange was blocked in the cells by omission of sodium from the bath and dialysis solutions and that intracellular calcium buffering was altered by addition of EGTA. These changes are likely to affect the time course of the free calcium transient. Thus, the time course of ICI(Ca) reported here may be somewhat different from the time course of the current in undialyzed cells bathed in normal media.
Discussion
ICl(ca) was not blocked by 4-AP, or by TEA, and it was still present after outside potassium was omitted and inside potassium was replaced by cesium. It thus seemed very unlikely that potassium was the principal charge carrier. The calcium-activated transient current disappeared when Ec1 was made equal to the pulse potential ( Figure 4) , whether or not the bathing and pipette solutions contained potassium. The current was absent if most of the chloride in bathing and internal solutions was replaced by an impermeant anion, and it was blocked by the anion transport blockers SITS or DIDS at concentrations near those that others27,33,34 have found to block chloride channels. None of these treatments eliminated contraction, so the block of the outward current could not be attributed to block of the triggering calcium transient. We concluded that the primary charge carrier of the 4-AP-resistant transient outward current is chloride. Therefore, our data demonstrate that a transient outward chloride current is activated by intracellular calcium in rabbit ventricular myocytes. Calcium-activated chloride currents have been reported in oocytes35 and neurons,36 but such a current has never before been identified in the heart. Calcium-activated potassium channels or nonspecific cation channels may be present in rabbit ventricular cells, but they seem to contribute little to the transient current we have examined. Because chloride appears to be the principal charge carrier, we have referred to the current as ICI(Ca)
Tail current experiments (Figure 12 ) were consistent with a current that rectifies strongly; any inward current negative to Ec1 was too small for us to measure. Direct measurements of intracellular calcium transients32 indicate that repolarization does not abruptly end the free calcium transient of cardiac cells, so the failure to see inward current tails probably did not result from rapid termination of the calcium transient. Tentatively, we conclude that rectification is a property of the channel, but single channel data are clearly needed to examine more conclusively the open channel properties.
The apparent rectification was disappointing from an experimental point of view, because it made it impossible to demonstrate an appropriate shift of the current reversal when EcB is changed. Physiologically, however, rectification could have interesting consequences, by allowing ICI(Ca) to have only repolarizing influences on electrical activity. For example, if 'C1(Ca) .;. rectifies as our data suggest, the current would cause outward ICI(Ca) during a depolarization but would not normally contribute to the calcium-activated transient inward current that follows action potentials of calcium-overloaded cardiac cells. 37, 38 An obvious question is whether other calciumactivated transient outward currents reported in the heart are produced by ICI(Ca). For example, is ICI(Ca) identical to the calcium-activated current that Hiraoka and Kawano,9 who also studied rabbit ventricular cells, assumed was carried by potassium? It may be, but their conditions were different from ours, and we cannot rule out a contribution of calciumactivated potassium channels under different conditions. Similarly, ICI(Ca) closely resembled the calciumactivated current of dog ventricular myocytes.10 It is tempting to suppose that they are equivalent, for it would be surprising if ICI(Ca) were unique to rabbit ventricular myocytes. Rather than speculate, however, it would be best to determine experimentally whether chloride movements are wholly or partly responsible for calcium-activated transient outward currents in other myocytes and whether chloride movement may cause or contribute to the calciumactivated current of Purkinje fibers.
Bahinski et a127 and Harvey and Hume25,26 reported an isoproterenol-activated chloride current (Ic') in guinea pig and rabbit ventricular myocytes. lc, is time independent, and it is present when intracellular free calcium is buffered at a very low level by 5-50 mM EGTA, which should prevent ICL(Ca). Block of 1Ca eliminated IC1(Ca) in our experiments but did not prevent ICI-25 l1c is negligible in the absence of adrenergic activation25,27; we have shown that ICI(Ca) is potentiated by adrenergic agonists but can be seen in most cells even without adrenergic stimulation. When the effect of isoproterenol on the two currents was examined in a single cell at a fixed potential ( Figure 13 ), isoproterenol could increase ICI(Ca) far more than it increased Icl, which may indicate that isoproterenol augmented the two currents by different mechanisms. Superficially, these many differences suggest that ICI(Ca) and Ic, are produced by different populations of channels.
Many of the disparate results probably could be reconciled, however, by postulating a single type of chloride channel that depends on both cyclic AMP and on calcium. Such a channel might produce both the time-dependent ICI(Ca) we have studied and the time-independent lCI reported by Bahinski et a127 and Harvey and Hume,25 if adrenergic stimulation shifted the relation between calcium and channel open state probability. One difference difficult to explain by such a scheme is the apparent ease with which Bahinski et a127 and Harvey and Hume25 were able to demonstrate reversal of l1c and the apparent rectification that prevented us from demonstrating reversal of ICI(Ca). Another is that replacing external sodium by NMG is reported to block IC1,27 whereas we routinely used NMG in place of sodium in this study of ICI(Ca).
Because of these two differences, we presently favor the assumption that the two currents are separate current systems, but more extensive comparisons are needed to determine conclusively whether or not the currents are related.
Our routine use of NMG as an external sodium substitute may explain why Ilc was small and variable in our experiments. In addition, some ventricular cells apparently fail to display Icl, even when conditions are designed to produce the current. 25, 27 We doubt there is any connection between ICI(Ca) and the 8-adrenergic modulation of the transient outward current that Nakayama and Fozzard39 studied in canine Purkinje cells. The current that Nakayama and Fozzard examined should be exclusively the one we have termed Itol, because they buffered extracellular and intracellular free calcium to very low levels, which should preclude significant ICI(Ca).
A calcium-activated chloride current is likely to have interesting properties and consequences. At voltages near the peak of the action potential, ICI(Ca) appears able to counteract some of the electrical effect of ICa; the current should contribute to phase 1 repolarization in a complex and frequency-dependent fashion. It will be interesting to learn more about ICI(Ca), its physiological role, and whether calcium-activated currents in other heart tissue are also carried by chloride.
